Abstract Understanding the phylogenetic relationship between Hokkaido Ainu and Ryukyu islanders has been of great interest in human genetics, archaeology, and anthropology. We examined short tandem repeat (STR) polymorphisms on autosomes and Y-chromosomes for Ainu, and compared this with data from Ryukyu islanders. A statistical test for nine autosomal (A-STR) loci gave no indication that the Ainu had experienced any bottleneck effect(s). The genetic distances (R st ) based on the A-STR data consistently showed substantial differentiation between the Ainu and all other populations. The haplotype analysis based on Y-chromosomal (Y-STR) data revealed 10 distinct haplotypes found in 19 Ainu males; 7 out of 10 were Ainu-specific haplotypes, whereas two haplotypes were shared with two males from main-island Okinawa and Miyako island, respectively, indicating a strong, close relationship between the Ainu and the Ryukyu islanders. The time to the most recent common ancestor of the Y-lineages obtained in the Ainu and the Ryukyu islanders was estimated to be 37745 years ago. Overall, the A-STR showed uniqueness of the Ainu, and the Y-STR haplotypes revealed strong evidence for a link between the two indigenous populations of the Hokkaido and the Ryukyu islands.
Introduction
The dual-structure model of Japanese population history claims that the immigrant Yayoi came from somewhere in the East Asia continent to the northern part of Kyushu island between 2000 and several hundred years ago ( Figure 1 ) and admixed with the indigenous Jomon; less admixture occurred between the Jomon and the Yayoi people on Hokkaido and Ryukyu than occurred on the Japanese main island, Honshu (Hanihara, 1991) . If this model is true, there should be evidence of a genetic link between remnant populations in Hokkaido and in the Ryukyu island chain including main-island Okinawa and other islands. Many morphological studies have described a number of similarities between the Ainu and the Ryukyu islanders (Hanihara, 1974; Matsumura, 1994; Fukumine et al., 2006; Haneji et al., 2007) . Genetic studies, however, have not always supported the common origin of the Hokkaido Ainu and the Ryukyu islanders. A population tree based on classical markers has shown a close link between Ainu and people from main-island Okinawa (Omoto and Saitou, 1997) , while both population trees and gene genealogies based on the hypervariable (HV) region sequences of mitochondrial genome (mtDNA) have not shown any evidence of this close relationship (Horai et al., 1996; Tajima et al., 2004) ; rather, the Ainu had a relatively closer affinity with the Okhotsk people who lived around the Okhotsk Sea (Figure 1 ) during the 5th-13th centuries (Sato et al., 2007) . Y-chromosomal Alu element present/absent polymorphisms (YAP+/−) (Hammer, 1994) have provided good information about a link between the Ainu and the Ryukyu islanders: the frequency of YAP(+) (Alu present) is very high in the Ainu and main-island Okinawa, lower in Honshu and lowest in Kyushu (Hammer and Horai, 1995; Tajima et al., 2004; Hammer et al., 2006) . This result has been confirmed by more intensive study on the Ryukyu islanders; the highest frequency of YAP(+) was found on Miyako island, part of the Sakishima islands in the western part of the Ryukyu island chain, which should have experienced less gene flow from Honshu (Matsukusa et al., 2010) . Frequency distributions of Y-haplogroups, defined by a combination of biallelic markers involving YAP and single nucleotide polymorphisms (SNPs) on the Y-chromosome, have shown a close relationship not only between the Ainu and the Ryukyu islanders but also between the Ainu and other ethnic groups from Northeast Asia (Tajima et al., 2004; Hammer et al., 2006) . Principal component analysis based on HLA class II have also supported a hypothesis that the Ainu are the direct descendants of the Upper Paleolithic population in Northeast Asia (Bannai et al., 1996) .
These discrepancies apparent in autosomal, Ychromosomal and mtDNA data can be explained by (1) different mutation rates of the markers exhibiting different time scales, and/or (2) the nature of the population structure of the Ainu, including the effect of sex-biased migration (Seielstad et al., 1998; Oota et al., 2001; Matsukusa et al., 2010; Oota and Stoneking, 2011) . To resolve this problem, we used short tandem repeat (STR) polymorphisms in this study. Autosomal STR (A-STR) and Y-chromosomal STR (Y-STR) have been used in forensic settings (Kurosaki et al., 1996; Hashiyada et al., 2003 Hashiyada et al., , 2008 Kurihara et al., 2004; Kayser and de Knijff, 2011) as well as in anthropological studies (Kayser et al., 2003; Li et al., 2006; Matsukusa et al., 2010) . Because Y-STRs have average mutation rates that are 4.53 × 10 4 -fold higher (Kayser et al., 2000) than that of the mtDNA HV region (7.00 × 10 −8 /site/year) , we can detect more recent within-and betweenpopulation structure, and estimate the fine range of divergence time between the haploid lineages in local population history. Here we report A-STR and Y-STR data from Ainu, and show that the Ainu have shared a common ancestor with the Ryukyu islanders since the middle of the last glacial period.
Materials and Methods

Population samples
The Asian Archival DNA Repository Consortium provided DNA samples from 49 Ainu individuals collected in the Hidaka district, Hokkaido (Figure 1 ), by one of us (Prof. EM Dr. Keiichi Omoto) in early 1980s. These are a subset of the same individuals examined in Bannai et al. (1996) , Horai et al. (1996) , and Tajima et al. (2004) . We used these data from 46 individuals in this study as we failed to type three of the 49 individuals owing to potential DNA damage. To compare the Ainu and the Ryukyu islanders, we reanalyzed the Aand Y-STR data published in Matsukusa et al. (2010) . The Ryukyu islanders consist of people from main-island Okinawa, the Miyako and the Ishigaki islands (Figure 1 ). In addition, we used Japanese A-STR data from Miyagi prefecture (Hashiyada et al., 2003 (Hashiyada et al., , 2008 (Figure 1 ), the eastern part of main-island Japan, and from Indonesia and Bangladesh (Dobashi et al., 2005) as outgroup populations in the analyses. This research was approved by the ethical committees at University of Tokyo, University of Ryukyus, the Institute of Statistical Mathematics, and Kitasato University School of Medicine.
STR polymorphism typing
A-STR loci (D3S1358, vWA, FGA, D8S1179, D21S11, D18S51, D5S818, D13S317, and D7S820) were genotyped using AmpFLSTR Profiler Plus PCR Amplification Kit (Applied Biosystems, Foster City, CA, USA). Y-STR loci (DYS19, DYS389I, DYS389II, DYS390, DYS391, DYS392, DYS393, DYS385a, DYS385b) (Kayser et al., 1997) were genotyped using the primers described in Matsukusa et al. (2010) . The PCRs were carried out using 2-4 ng of DNA in a 15 µl reaction volume. Genotypes were determined by fragment analysis on an ABI3130xl (Applied Biosystems).
Computational analyses
Within-population diversity based on A-STR was calculated using the program Arlequin 3.5.1.2 (http://cmpg.unibe.ch/ software/arlequin35/) (Excoffier and Lischer, 2010) . Gene diversity (heterozygosity) was estimated by the formula of Nei (1987: p. 180 ). To detect significant departure from 15  14  21  13  29  13  12  10  10  18  16  23  14  30  14  13  12  12  AN016  16  14  23  15  30  13  11  12  10  18  16  23  15  30  14  12  14  11  AN017  15  16  23  13  29  13  11  12  10  15  19  23  13  29  14  12  13  12  AN018  16  14  18  14  29  14  13  11  8  17  18  23  14  32.2  19  14  14  10  AN019  15  14  24  10  30  15  10  10  10  15  17  25  13  30  18  12  10  12  AN020  15  14  19  13  30  14  13  8  10  18  19  21  13  32.2  19  13  13  13  AN021  15  16  19  14  29  14  11  12  12  18  18  24  14  31  14  11  12  12  AN022  15  14  23  11  28  13  9  8  10  17  16  26  13  30  15  12  11  11  AN023  15  16  23  13  28.2  14  11  10  11  15  17  26  13  30  14  13  11  12  AN024  15  14  20  12  29  15  11  9  10  17  17  23  14  30  16  11  10  12  AN025  15  14  23  12  29  14  10  12  11  17  17  26  14  29  16  14  12  12  AN026  15  14  20  12  31  15  10  11  10  16  16  23  17  33.2  16  12  12  10  AN027  16  14  24  13  29  14  11  8  8  17  16  25  14  30  15  13  13  14  AN028  16  14  19  13  29  14  11  13  8  17  14  23  14  29  14  11  14  8  AN029  15  14  21  10  29  14  11  11  9  17  17  22  10  29  14  14  12  12  AN030  16  14  20  11  29  14  11  11  10  16  14  23  14  30  15  12  11  10  AN031  16  17  23  12  29  13  11  11  11  18  20  26  13  30  13  12  11  12  AN032  15  14  25  12  29  14  10  12  10  17  16  25  14  29  16  10  13  12  AN033  15  14  19  11  29  14  10  10  10  17  18  23  13  32.2  16  10  14  11  AN034  15  14  24  10  29  22  11  12  8  15  19  26  14  30  23  13  13  12 Hardy-Weinberg equilibrium, Fisher's exact test was done using the Markov Chain Monte Carlo (MCMC) method for all loci (Guo and Thompson, 1992) . G-W statistics (Garza and Williamson, 2001) were calculated following the Garza-Williamson (2001) method modified by Excoffier et al. (2005) ; a value close to "1" represents a "stationary" population size for this particular statistic. The pairwise R st measure of between-population diversity (Slatkin, 1995) was calculated with 1000 permutations using Arlequin 3.5.1.2 (Excoffier and Lischer, 2010) . A phylogenetic network based on Y-STR was constructed by the median-joining method (Bandelt et al., 1999) using the program Network 4.5.1.6 (http://www.fluxus-engineering.com/netwinfo.htm). We estimated the time to the most recent common ancestor (TMRCA) in Y-STR haplotypes found in the Ainu and the Ryukyu islanders using the program Bayesian Analysis of Trees With Internal Node Generation (BATWING) (Wilson and Rannala, 2003) . We investigated the coalescences of all the individuals from the Ainu and from mainisland Okinawa, and the Miyako and the Ishigaki islanders. BATWING generated posterior distributions of mutations rates (µ), effective population size (N e ), and TMRCA (scaled using N e ) by Bayesian analysis with coalescent simulations, assuming a constant population size model. Prior distributions were specified as a gamma with a mean of 0.00268 (per locus per generation) for the STR mutation rate and as a log normal with a mean of 4915 for the population size. In each BATWING run, a total of 10 5 samples were taken after discarding the first 10 3 samples as "burn-in." Using the remaining samples, we calculated a median value and 95% credible interval for each posterior distribution of µ, N e , and TMRCA, respectively. Coalescent dates were translated to chronological time using a 25-year mean intergeneration interval.
Results
Autosomal STR diversity in Ainu
We genotyped nine A-STR loci for 49 Ainu individuals shown in Table 1 , calculated heterozygosities, and compared 46 of them with populations in the Japanese archipelago (JPN-A) ( Table 2 ). The average heterozygosity of Ainu (0.755 ± 0.398) was not significantly different from those of non-Ainu JPN-A populations (Miyako: 0.805 ± 0.424; Ishigaki: 0.811 ± 0.427; main-island Okinawa: 0.816 ± 0.430; main-island Japanese: 0.801 ± 0.415). The underlined P-values represent significant departure (<0.01) from the Hardy-Weinberg equilibrium. A few underlined values were observed in Miyako, Ishigaki, and main-island Okinawa, but this could be due to the small sample sizes in Table 1. (continued)   D3S1358  vWA  FGA  D8S1179  D21S11  D18S51  D5S818  D13S317  D7S820   AN035  15  14  21  12  28  15  11  12  10  16  17  22  14  31  16  11  12  11  AN036  15  14  23  14  29  14  10  12  8  15  15  24  14  29  14  14  12  11  AN101  16  14  23  14  29  14  12  11  11  17  14  23  14  29  15  13  12  13  AN102  15  17  20  13  28.2  14  11  8  10  18  18  23  15  31  18  13  14  13  AN103  15  14  23  13  29  14  9  9  11  15  18  25  14  29  14  14  11 1.000
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All the data were recalculated in this study. Ho: Observed heterozygosity. He: Expected heterozygosity. Fisher's exact tests were done using Markov chains for all loci (forecast chain length: 1000000; dememorization steps: 100000).
An underlined P-value represents a significant deviation (at 1% level).
G-W stat. were calculated following the modified Garza-Williamson (2001) method by Excoffier et al. (2005).
The G-W statistic is supposed to be very small in populations that have been through a bottleneck, and close to 1 in stationary populations.
these groups. There were no significant departures in the Ainu and main-island Japanese. No evidence of serious bottleneck effect(s) on these populations was also supported by the G-W statistics: rather, the population size of Ainu has likely remained stationary over time. Secondly, we calculated between-population genetic distances (R st ) based on the A-STR data (Table 3) . Comparisons were made between the five JPN-A populations, and added Indonesian and Bangladeshi outgroups. The genetic distance between Ainu and Miyako (0.029) was almost the same as that between main-island Okinawa and main-island Japanese (0.027). Thus, the genetic distances in any pairs of the JPN-A populations with the Ainu were much higher than those among non-Ainu JPN-A populations.
Y-chromosomal STR haplotypes in Ainu
We genotyped nine Y-STR loci, and found 10 haplotypes in 19 Ainu males (Table 4) . Two out of 10 haplotypes were major haplotypes in the Ainu (H1137 and H1138 had six and five, respectively), while eight haplotypes were represented by one male each. To investigate if these haplotypes were shared with any other populations, we searched the Y-STR haplotype reference database (YHRD) (http://www.yhrd. org/), and the published data in the "Yfilter Japan" (Hashiyada et al., 2008) and in the Ryukyu islanders (Matsukusa et al., 2010) . Out of 95778 haplotypes from 705 global populations in YHRD, only one haplotype (H1141) was shared with one Korean individual. The Yfilter Japan dataset included 1166 Japanese males from six prefectures, and only H0940 was shared with one individual from the Miyagi prefecture. Further, we found H0845 and H0940 were shared with one individual from the Miyako island and the main-island Okinawa, respectively (Table 4) . Seven out of 10 were Ainu-specific haplotypes including 16 males (84%).
We constructed a phylogenetic network of the Y-STR haplotypes from the Ainu and the Ryukyu islanders, adding the YAP data (Figure 2) . Two major Ainu-specific haplotypes (H1137 and H1138) were in the YAP(+) group, and three minor Ainu-specific haplotypes (H1139, H1143, H1144) were likely to be descendants of H1138. Two shared haplotypes (H0845 and H0940) between the Ainu and the Ryukyu islanders (and Miyagi) came to the internal branches, suggesting these were relatively old haplotypes. Meanwhile, H1141 shared between Ainu and one Korean belong to the YAP(−), located on the external branch, suggesting the haplotype was shared relatively recently.
Estimation for N e and TMRCA
We estimated the effective population size (N e ) and the TMRCA for Y-chromosome lineages based on Y-STR data ( Table 5 ). The estimate of N e was 616 in Ainu, i.e. much smaller than the 2947 of the Ryukyu islanders. Similarly, the TMRCA estimate of Ainu (18790 years ago) was younger than that of the Ryukyu islanders (38726 years ago). When including all the individuals from Ainu and Ryukyu, the estimates were almost same as those of the Ryukyu islanders alone. These results would suggest that the Ainu and the Ryukyu islanders had a common ancestor around 40000 years ago, corresponding to the middle of the Last Glaciation.
Discussion
Our A-STR analyses have provided an overview of the Ainu within-and between-population diversity. Within the Ainu, no Hardy-Weinberg tests have rejected statistically significant departures in the nine loci, and average heterozygosities have shown substantial within-population diversity ( Table 2 ), suggesting that these Ainu from the Hidaka district have not been isolated genetically, but rather have had constant gene flow from Ainu in other regions. Meanwhile, the R st values have indicated substantial between-population differentiation in all observed pairs with the Ainu (Table 3) , suggesting that there has been less gene flow between the Ainu and the non-Ainu JPN-A populations than those between the non-Ainu JPN-A populations. These data depict that the Ainu have had their own marital network involving substantial diversity, and overall have had no (or very little) contact with the non-Ainu JPN-A populations until very recent years.
Our Y-STR data have provided a peopling history for the Ainu male lineage. Tajima et al. (2004) found three Yhaplogroups based on 14 Y-SNP sites and YAP, whereas this study has found 10 haplotypes based on nine Y-STR loci (Table 4 ). This is due to the high resolution of STR in the recent peopling events. The observed Y-STR haplotypes (H0845 and H0940) shared between the Ainu and the Ryukyu islanders (Miyako and Okinawa) are obvious evidence of a recent common ancestor, at least in the male lineage. Because Y-STR loci have very high mutation rates (average 3.17 × 10 −3 ) (Kayser et al., 2000) , it is highly unlikely that this happened just by chance. In fact, if we ignore multiple mutations, and assuming the mutation rate per locus per generation is 0.22% (Kurihara et al., 2004) , the 95% credible interval of the posterior distribution of TMRCA between the two identical haplotypes is years. H0940 is also shared with people from the Miyagi prefecture. This finding would agree with part of the dual-structure model that the genetic contribution of the Jomon people is still high in the eastern part of Honshu (Hanihara, 1991) , the location of Miyagi prefecture. H1141 is shared with one individual from Korea, which is unlikely to show an ancient relationship between the Ainu and the Korean, because H1141 is located on the external branch of the network (Figure 2 ): rather, this implies a recent migration. Thus, these data strongly support the hypothesis of the common origin of the Ainu and the Ryukyu islanders.
Our estimates of the TMRCA and the effective population size (N e ) give insight into the ancestral population of the Ainu and the Ryukyu islanders (Table 5 ). The TMRCA of Y-lineages found in the Ainu and the Ryukyu islanders is 37745 years ago. Since gene divergence should be older than that of populations in general, the divergence time of the two populations should be slightly younger than this estimate. Therefore, the divergence time would be in the late Last Glaciation. Because the N e of the Ainu (616) is much smaller than that of the Ryukyu islanders (2947) which is the almost the same as the estimate (3032) including both groups, it is likely that the Ainu split from the ancestral population. However, in this study, we have only investigated the diversity of the Hidaka Ainu. We speculate that the ancestral population might have had even greater diversity.
Previous studies have shown discrepancies between Yhaplogroups and mtDNA data (Horai et al., 1996; Tajima et al., 2004) . This might be due to different mutation rates between the Y-SNP and mtDNA HV regions. The mtDNA HV region has higher mutation rates and should indicate a more recent history, but no link has been found between the Ainu and the Ryukyu islanders. Both A-STR and Y-STR have revealed a distinct population structure of the Ainu. No evidence of subpopulations in the Hidaka Ainu population has been shown in within-population diversity based on A-STR data. However, sex-biased migration has been observed when comparing mtDNA and Y-STR in the Ainu and the Ryukyu islanders. Two major Y-STR haplotypes (H1137 and H1138) contain 58% of the Ainu males, and three haplotypes (H1139, H1143, H1144) are direct descendants of H1138 in the network (Figure 2) . From these data, we propose a hypothesis that the Hidaka Ainu might have a patrilocal marital system (see Oota et al., 2001 ). 84% of Y-STR haplotypes are Ainu-specific (Table 4) , whereas 67% mtDNA HV sequences are Ainu-specific (Horai et al., 1996) , suggesting that gene flow from other populations has been more frequent in females than in males. Table 6 shows a comparison between the Ainu and the main-island Okinawa people for within-population diversity. Nucleotide diversity of mtDNA is higher in the Ainu than in the mainisland Okinawa people, while gene diversity of Y-STR shows the opposite pattern of mtDNA, suggesting that the Ainu have had more tendency of sex-biased migration than main-island Okinawa people. Thus, the discrepancies observed in Y-chromosome and mtDNA in the previous studies of the Ainu might be explained by the effect of sexbiased migration(s) occurring in ancient East Asian populations (Matsukusa et al., 2010; Oota and Stoneking, 2011) .
Our data, based on STRs, have revealed the remarkable uniqueness of the Hokkaido (Hidaka) Ainu. The genetic distances based on the A-STR data also suggest that the Ainu have no close relationship with Indonesians or Bangladeshis. This agrees with one cranial morphological study, suggesting the Ainu are the most distinct outliers of all East Asian populations (Hanihara et al., 2003) . Meanwhile, this contradicts part of the dual-structure model hypothesizing that the Jomon people originated in Southeast Asia (Hanihara, 1991) , if the Ainu are the direct descendants of the Jomon people. STRs are a useful tool for constructing population trees, but to have reasonable resolution, at least 30 A-STR loci are required (Takezaki and Nei, 2008) . More STR loci and more population samples will be required to construct accurate trees showing the relationship between the Ainu and other (East, Northeast, Southeast) Asian populations.
Based on the data in this study, we need greater efforts in the near future to understand the peopling of the Japanese archipelago. There is a lack of Y-SNP data for the Ryukyu islanders, which would be required in more intensive analyses on the Y-lineage. Also, we should perform genome-wide The numbers in parentheses are the 95% credible interval. "Ryukyu" consists of main-island Okinawa, the Miyako and the Ishigaki islands. Horai et al. (1996) , and the reanalyzed data published in Matsukusa et al. (2010) are cited here.
b The reanalyzed data from 9 STR loci published in Matsukusa et al. (2010) .
(GW) SNP analysis for the Ainu and the Sakishima islanders, as recent GW analysis indicated two clusters for the Japanese populations; however, the Ainu and the Sakashima islanders were not included (Yamaguchi-Kabata et al., 2008) . The Pan-Asian SNP data, including approximately 50000 polymorphisms in 1808 individuals from 73 Asian populations (mainly from East and Southeast Asia) (HUGO_Pan-Asian_SNP_Consortium et al., 2009), should be used for an Ainu GW SNP analysis to reveal not only the origin of the Japanese people, but also the history of the peopling of East Asia.
